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We present the design of a Velocity Map Imaging apparatus tailored to the demands of high-
resolution crossed molecular beam experiments employing Stark or Zeeman decelerators. The key
requirements for these experiments consist of the combination of a high relative velocity resolution
for large ionization volumes and a broad range of relatively low lab-frame velocities. The SIMION
software package was employed to systematically optimize the electrode geometries and electrical
configuration. The final design consists of a stack of 16 tubular electrodes, electrically connected
with resistors, which is divided into three electric field regions. The resulting apparatus allows for an
inherent velocity blurring of less than 1.1 m/s for NO+ ions originating from a 3x3x3 mm ionization
volume, which is negligible in a typical crossed beam experiment. The design was recently employed
in several state of the art crossed-beam experiments, allowing the observation of fine details in the
velocity distributions of the scattered molecules.
I. INTRODUCTION
Over the past 30 years, the technique of ion imaging
has been acknowledged in a diverse selection of research
fields, and various implementations have allowed for a
multitude of applications of this powerful technique [1].
The method was first reported by Chandler and Houston
in 1987, where a relatively simple electrode configuration
consisting of a repeller plate and two extractor grids was
used [2]. By allowing the Newton sphere to expand dur-
ing the flight towards a 2D-position-sensitive detector it
was possible to study the velocity distribution of pho-
todissociation fragments of CH3I. However, the spread
in initial ionization position severely limited the veloc-
ity resolution. A major improvement to the ion imaging
technique was introduced by Eppink and Parker in 1997,
in the form of the Velocity Map Imaging (VMI) detector
employing electrostatic lenses [3]. The replacement of the
electrode grids with apertures breaks the homogeneity of
the electric fields at the transition between the electric
field regions. This allows for focussing of particles with
the same initial velocity vector [4], but originating from
different positions in the ionization region, on a single
spot of the 2D-position-sensitive detector.
The Eppink-Parker VMI-detector design is still em-
ployed in its original form today. However, various mod-
ifications have been reported to either improve the per-
formance of the technique or extend its use to different
ranges of application. Most notably, the concept of im-
age slicing was introduced, which was first explored by
Gebhardt et al. [5]. Here, only a small part of the New-
ton sphere in the axial direction (2D-slice) is selected for
detection at a time. Recording the 2D-velocity distribu-
tion of different slices then allows for direct measurements
on the full 3D-velocity distribution of the products [1].
Image slicing also greatly reduces the negative effects of
Newton sphere crushing on the image resolution. Using
this technique, experimental resolution down to 0.19%
(FHWM) has been reported in photodissociation exper-
iments with a high kinetic energy release [6].
In the field of crossed molecular beam experiments two
frequently used VMI ion optics designs, on which many
others are based, are those reported by Townsend et al.
[7] and Lin et al. [8]. The first employs three electric
field regions, instead of the traditional two. Thus, the
electric field strength in the ionization region could be
reduced, allowing image slicing of photofragment veloc-
ity distributions while maintaining proper velocity map-
ping conditions. The second design uses only two electric
field regions, but consists of a total of 29 electrode plates.
The larger axial extent of the ion optics reduces the elec-
tric field strength in the ionization region, again enabling
image slicing, as well as providing a softer focus which
improves the velocity resolution.
In a crossed beam imaging experiment the inherent res-
olution is limited by the velocity spreads of the molecular
beams. Recently, the employment of molecular decelera-
tors in crossed beam experiments has enhanced the pos-
sibilities to investigate collisions between neutral species
[9]. The narrow velocity and angular spreads of Stark
or Zeeman decelerated beams result in scattering images
with unprecedented resolution, that can be exploited to
resolve structure in the scattering images that would have
been washed out using conventional molecular beams
[10–13]. With this high inherent resolution, the exper-
iments become more susceptible to imperfections in the
velocity mapping. The sensitivity and resolution of these
experiments thus not only depend on the control over the
particles before the collision, but also on the quality of
the velocity mapping apparatus.
Although the various optimized VMI-detector designs
have improved the imaging resolution significantly, none
of them were originally developed for the conditions en-
countered in controlled, high-resolution collision experi-
ments employing decelerators. These experiments pose
specific requirements on the mapping properties that are
substantially different from those in e.g. photodissoci-
ar
X
iv
:2
00
7.
04
85
2v
1 
 [p
hy
sic
s.a
tom
-p
h]
  9
 Ju
l 2
02
0
2ation experiments. In this work, we present a VMI-
detector design specifically optimized for crossed molec-
ular beam experiments employing decelerators, where a
special emphasis is required on high-resolution imaging
for large detection volumes and a broad range of collision
energies.
II. REQUIREMENTS
We consider crossed beam experiments where at least
one of the beams contains polar molecules, like NO, that
can be manipulated using a decelerator. To illustrate the
kinematics of such an experiment, we consider the colli-
sion of NO with Ne under typical conditions as an exam-
ple system (see Fig. 1 for the velocity diagram detailing
the pre- and post-collision conditions). The velocity of
the scattered NO molecules is projected on concentric
Newton spheres around the center off mass (COM) ve-
locity (VCOM ). Cylindrical symmetry of the experiment
around the relative velocity axis (VREL), however, en-
sures that the center slices of these spheres, the Newton
circles, contain complete information on the scattering
process [14]. The scattering distribution in both the ra-
dial and angular directions along these circles is governed
by the interaction between the molecules during the colli-
sion. The narrow velocity spreads afforded by molecular
decelerators allow the resolving of fine details in these
scattering distributions [9]. However, the Newton sphere
radius in these experiments is generally very small. For
the example NO-Ne collision system the 363 m/s radius
of the Newton sphere corresponds to a kinetic energy of
just 20.5 meV. This is significantly smaller than the typ-
ical ≈ 1 eV kinetic energy release in photodissociation
experiments [7, 8], and provides the additional challenge
to accurately map the velocities of these small Newton
spheres.
The three main requirements of a VMI-apparatus for
use in crossed molecular beam experiments employing
decelerators, arise from the properties of the decelerators
themselves:
1. Very small (relative) velocity blurring caused by the
VMI ion optics, even at low ion kinetic energies.
This constitutes the main requirement, as it is nec-
essary to complement the high velocity resolution and
broad range of collision energies afforded by the deceler-
ator.
2. Accurate mapping of a large ionization volume.
Although the particle density in phase-space is con-
served throughout the deceleration process, the number
of molecules that exit the decelerator is but a fraction
of those in the initial molecular beam [15]. In combi-
nation with the relatively small cross-sections of most
neutral-neutral interactions, low ion yields can thus be
expected. An enlarged ionization volume increases the
Forward
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FIG. 1: Schematic 2D velocity diagram illustrating how the
(collisionally excited) NO molecule velocity vectors are pro-
jected on Newton circles around the center of mass (COM)
after scattering with Ne at an angle of 90°. For a typical NO
velocity of 430 m/s and Ne velocity of 800 m/s, correspond-
ing to a collision energy of ≈ 410 cm−1, the COM-velocity
amounts to |VCOM | ≈ 411 m/s, and the NO velocity in the
COM-frame after elastic scattering is |V ′NO| ≈ 363 m/s. The
angle between VCOM and V
′
NO is α = 67.1° for the forward
scattering direction.
amount of scattered molecules that can potentially be de-
tected. Furthermore, the larger volume helps to reduce
velocity blurring due to space charge effects under ex-
perimental conditions that do allow for higher ion yields
[1]. A large ionization volume, however, requires a better
focussing of the ion optics, and is therefore in direct con-
flict with the requirement of small velocity blurring. The
molecular beam that exits a Stark or Zeeman decelerator
has a typical diameter of 2-3 mm [15, 16], which provides
an upper limit to the practical size of the interaction vol-
ume.
3. Low electric field strength in the ionization region.
The use of decelerators ensures high quantum state
purity of the molecular beams, which allows for near
background free measurement of state-to-state scattering
processes. However, for several relevant species this
state purity is compromised by the electric fields present
in the detection region. While a Stark decelerator, for
example, only transmits NO molecules with f parity,
an electric field mixes the close-lying Lambda-doublet
states with e and f parity. Although the mixing
probabilities are generally very small, their effects can
be observed in experimental scattering images. For
the conditions in a typical VMI-detector, the parity
mixing probability depends quadratically on the electric
field strength. Thus, reduced electric field strengths
in the ionization region strongly suppress the possible
influence of quantum state mixing. In this regard,
the method of delayed extraction seems ideal, where
pulsed voltages are applied to the VMI-apparatus after
ionization in field free conditions. However, this method
generally leads to increased velocity blurring due to the
practical limitations of high-voltage switching, leaving
the application of DC voltages the preferred method to
3obtain minimal blurring [1, 17].
Further requirements to the mapping properties con-
stitute of:
• Simultaneous mapping of a large range of ion ve-
locities with high resolution.
• Minimal dependence of the velocity resolution on
the azimuthal angle (α) of the particle on the New-
ton sphere.
• Linear velocity mapping behaviour for a large range
of ion velocities.
• Sufficient total ion acceleration to ensure high de-
tection efficiency of the employed Micro-Channel
Plate (MCP) detectors.
Additional constraints to the dimensions of the VMI-
apparatus are imposed for practical reasons:
• The ion optics should fit within a cylinder with 80
mm diameter.
• The ion optics should not exceed a height of 300
mm above the center of the detection region.
It should be noted that the requirement of a low elec-
tric field strength in the ionization region is closely re-
lated to the capability of direct image slicing, as it deter-
mines the total elongation of the Newton sphere. How-
ever, accurate image slicing also requires focussing in
arrival-time at the detector for particles starting at dif-
ferent positions in the ionization volume, to minimize the
effective slice thickness. For the small Newton spheres en-
countered in low-energy collision experiments, this time-
focussing requirement is especially strict, and fundamen-
tally conflicts with low blurring for a large ionization vol-
ume [18]. While image slicing is greatly beneficial, it was
found subordinate to the aforementioned requirements
for the case of low energy crossed beam experiments em-
ploying a decelerator. The need for direct image slicing is
also reduced by a continuously improving toolbox of gen-
eral 3D-image reconstruction techniques [1], with recent
additions of e.g. the FINA software package [19].
III. ELECTROSTATIC LENS ABERRATIONS
As the main requirements to the VMI-setup entail a
small intrinsic velocity blurring for a large ionization vol-
ume, it is insightful to discuss the origins of this veloc-
ity blurring. The radial focussing of particles with the
same initial velocity vector is governed by the electro-
static lenses at the borders of the (axial) electric field
regions in a VMI-apparatus. These electrostatic lenses
mainly suffer from two types of imperfections, namely
chromatic aberrations and spherical (geometric) aberra-
tions [4].
Chromatic aberrations originate from the fact that the
focal length of the lenses is dependent on the ion kinetic
energy at the lens plane, similar to the dependence of the
focal length of an optical lens on the wavelength of light.
The extent of the aberrations depends on the relative
difference in kinetic energy of the ions at the lens plane,
which can arise from either different initial velocity or
different ionization position (i.e. creation at a different
electrostatic potential). These aberrations are generally
largest for the first lens encountered, since the relative
kinetic energy difference will be largest here.
Spherical aberrations are caused by a dependence of
the focal length on the radial distance (r) from the lens
axis, i.e. the radial field strength is not perfectly lin-
ear with respect to r. Since the Newton sphere expands
when moving through the VMI-apparatus, the effect is
generally largest for the last lens(es) encountered.
Chromatic aberrations can be reduced by decreasing
the relative kinetic energy difference of the ions. Besides
the use of a smaller ionization volume, this can effectively
be achieved by moving away the first lens from the detec-
tion region (i.e. to either obtain a smaller field strength
in the ionization region for similar potential at the lens
plane, or obtain larger total ion acceleration before the
first lens for similar field strengths). Also a soft (gradual)
focus reduces the effect of the change in focal length of
the first lens(es) on the image quality. These approaches
are demonstrated in for example the designs of Townsend
et al. [7] and Lin et al. [8].
Spherical aberrations can be reduced by decreasing the
expansion of the Newton sphere (e.g. by using a larger
overall field strength or shorter acceleration region), in-
creasing the lens diameter, or using gradually focussing
lenses with a larger axial extent of each individual lens in
the ion optics system [4]. Also the use of a smaller ion-
ization volume can help to reduce spherical aberrations,
as this reduces the initial radius of the ion cloud.
It is apparent that the two types of aberrations can
generally not be minimized simultaneously, as they for
example have an opposite dependence on the length of
the first field region. Thus, their combined minimum
needs to be found. For the conditions encountered in low-
energy crossed beam experiments, the chromatic aber-
rations tend to dominate as small Newton spheres and
large ionization volumes are considered. Generally, only
increasing detector size (uniform scaling), reducing the
size of the ionization volume, and more gradual focusing,
suppress both aberrations without having other negative
effects on the mapping properties.
The electrode shape plays an important role in the
mapping characteristics. Several efforts have been made
to adjust the traditional flat annular electrodes in or-
der to increase the mapping accuracy [1], for instance to
improve the performance in crossed beam ion-molecule
reaction studies [20]. Instead of the traditional electrode
plates, also cylindrical or tube-shaped electrodes can be
used. These have the advantage of reduced spherical
aberrations due to an increased effective aperture for the
same lens diameter, as well as a larger axial extent of the
lens fields [4]. Another benefit is that for small inter-tube
gaps, the external electric field penetration into the tubes
is negligible, effectively shielding the VMI-region from
4outside influences. The use of tube-shaped electrodes
was already suggested in the original work of Eppink
and Parker [3], and has been previously implemented
[21]. However, their use in VMI-applications is seldom
reported, although a combination of planar-shaped elec-
trodes with shielding tubes is implemented in multiple
designs [20, 22].
The freedom in the design parameters, i.e. the elec-
trode geometries and applied voltages, can be used to find
a combined minimum of the aberrations and simultane-
ously satisfy the other mapping requirements. Adding
degrees of freedom, like additional field regions [7] or
magnifying lenses [18, 23, 24], can allow for further con-
trol over the mapping properties. Due to the complex-
ity of the system, the performance characteristics of a
VMI-setup can in general not be readily calculated an-
alytically. Instead, one can make use of numerical ion
trajectory simulations as a method to predict and opti-
mize the performance of a VMI-apparatus.
IV. SIMULATION ROUTINE
The SIMION software package [25] (version 8.1) was
utilized to simulate ion trajectories, and predict the per-
formance of a VMI-setup. To achieve the best perfor-
mance regarding our design goals, many possible VMI-
setups were simulated and analyzed. Employing the user
programming features of SIMION, a systematic approach
was implemented to change and optimize both the geo-
metrical and electrical configurations. The concepts to
reduce lens aberrations, as well as previous ion optics
designs, were used as an inspiration and to provide a
starting point for the optimization process.
The global structure of the optimization routine con-
sists of two main parts. The first part optimizes the volt-
age configuration of the VMI-setup for a single given ge-
ometrical configuration, which results in optimized per-
formance for that geometry. To this extent the SIMION
built-in implementation of a downhill Nelder-mead Sim-
plex algorithm is used, in a similar fashion as in the work
of Ryazanov et al. [18, 26]. It uses the applied electric
potentials as input parameters, and finds a (local) mini-
mum of an objective function that takes into account the
three most important performance requirements, i.e. the
velocity blurring for a given size ionization volume and
the electric field strength in the detection area. The sec-
ond part of the routine is used to optimize the geometry
of the VMI-setup. It loops through a list of geometry
variations, each time building the fully parametrized ge-
ometry file as well as the corresponding potential array.
The best performance for each geometry is found through
optimization of the electrode voltages, and stored for
later analysis and further characterization. In this way, a
reasonable part of the very high-dimensional parameter
space can be explored without the use of advanced and
computationally heavy optimization algorithms.
We used the example NO-Ne collision system (see Fig.
1) as a benchmark system in the optimization process.
The requirement of a large detection volume is safe-
guarded by spawning the NO+ ions at 125 positions uni-
formly distributed over a 3x3x3 mm cube for each veloc-
ity vector considered. The intrinsic blurring of the VMI-
apparatus σ(V ′NO, VCOM , α) is characterized from the ion
trajectories of all particles with the same initial velocity
vector by using the maximum spreads in their hit po-
sitions on the detector in both 2D-coordinates (Dy, Dz)
and their average mapping radius from the center of the
sphere (R) as:
σ(V ′NO, VCOM , α) =
√
D2y +D
2
z
R
(1)
which is proportional to the intrinsic relative velocity res-
olution (DV /V
′
NO) for assumed linear velocity mapping.
Here, DV indicates the maximum spread in the obtained
velocity vector after mapping, i.e. the intrinsic absolute
velocity resolution. It is worth noting that, due to its
definition, σ increases for smaller Newton rings. Further-
more, by taking the maximum spreads in the hit positions
and adding the two dimensions in quadrature, the effec-
tive blurring is systematically overestimated. The defi-
nition, however, does not take into account the size of
the MCP pores and camera pixels, or effects of (partial)
Newton sphere crushing, that could limit the practical
mapping resolution. For each starting position of the ion,
several initial velocity vectors on differently sized Newton
spheres are probed around their common COM-velocity
vector.
While the simulations are performed for NO+ ions,
most results can easily be generalized to other species.
This, since two ions with the same starting position, ve-
locity direction and kinetic energy per unit charge, will
have identically shaped trajectories in electrostatic fields
[27]. Only the time in which these trajectories are tra-
versed will depend on the mass.
Cylindrical symmetry of the electrodes is assumed in
the geometry optimization process to reduce the com-
putation time. The surroundings of the ion optics and
flight region are included in the geometry definition. The
distance from the center of the ionization region to the
MCP-detector, was fixed to the value of 892.5 mm in the
existing crossed beam setup. The total voltage drop over
the VMI-apparatus was kept at 2000 V in the simula-
tions.
A substantial amount of variations to the VMI-
detector design was investigated which included, among
other things, the amount of electric field regions (in-
dependent applied potentials), the field region lengths,
number of individual electrodes and electrode shapes.
Careful optimization of the VMI-detector geometry was
performed. However, the addition of degrees of freedom
that allowed for only a marginally better performance,
but result in a great increase in complexity of the design,
was prevented.
5V. OPTIMIZED DESIGN
The optimized geometrical and electrical configura-
tion, is shown in figure 2. It consists of 16 cylinders
with an inner diameter of 61 mm and outer diameter of
64 mm. The rims (75 mm, thickness 5 mm) are added
for mounting only, and have very small influence on the
mapping performance due to the rigorous shielding pro-
vided by the cylinders. Of the cylinders, 15 are identical
with a length of 19 mm. Only the first cylinder is differ-
ent, since it is closed on one side by the repeller plate. It
has a total length of 13 mm with a 3-mm thick repeller
plate. The surface of the repeller plate is positioned 17
mm away from the center of the ionization region. All
cylinders have a 1-mm spacing in between, to ensure
electrical isolation. The total distance from the center
of the ionization region to the MCP-detector is set to
892.5 mm. The required beam access holes in the second
cylinder (5 mm, every 45°) are not shown. They break
cylindrical symmetry, and their effect on the mapping
accuracy will be separately addressed at the end of this
section. Only four independent electric potentials are ap-
plied to the system, namely on the first cylinder/repeller
(U1 = 2000 V), the second cylinder (U2 = 1933.9 V),
the eight cylinder (U3 = 1472 V) and the last cylinder
(U4 = 0 V). The other electrodes are connected via high
precision 100 kΩ (±0.01%) resistors, resulting in equal
voltage steps within each region.
The resulting design is relatively simple and easy to
build, but implements most of the discussed strategies
to reduce lens aberrations. The most striking feature is
the use of tubular electrodes instead of the traditional
electrode plates with apertures or plates with shielding
rims. They were found to provide the largest effective
lens diameter and larger axial extent of the individual
lenses, providing reduced mapping aberrations. Further-
more, it was found that while for electrode plates the
spacing between the plates is an important parameter,
the length of the individual cylinders has a much smaller
influence on the mapping performance. This is expected
to arise from the smoother change in the potential along
the axis. Thus, longer cylinders could be used to reduce
the amount of individual electrodes, greatly simplifying
the design.
Three electric field regions were employed, as it was
found that this provides a large increase in performance
with respect to the traditional two field regions. How-
ever, the use of four electric field regions did not show a
significant increase in mapping performance with respect
to three field regions with optimized lengths, and would
thus needlessly complicate the design and practical use
of the apparatus.
The repeller plate was moved away from the ionization
region to reduce the influence of the exact shape and posi-
tioning of the repeller plate on the mapping performance.
Furthermore, separate control over the voltages on first
and second cylinder allows for a slightly different field
strength before and after the ionization region. This in-
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FIG. 2: (a) Cross-section of the optimized ion optics design
and corresponding electric potential field as simulated with
SIMION. The drawn equipotential lines have a 25 V spac-
ing, with a total voltage drop of 2000 V over all cylinders.
The center of the ionization volume is indicated by the black
square. (b) Photograph of the assembled ion optics design.
(c) Electrical scheme used to provide the correct potential to
each cylinder (Cyl), employing two external power supplies
(V1, V2), a 200 kΩ potentiometer and 100 kΩ resistors.
troduces a small, controllable, curvature of the electric
field in the ionization region, which can help to improve
focusing [26]. Additionally, this extra control over the
field in the detection region may allow to correct for pos-
sible distortions introduced by the necessary access holes
required for lasers and molecular beams. The transition
between the second and third field region was moved to
around cylinder eight, which allows for a low electric field
strength in the ionization region and strongly reduces
chromatic aberrations.
The simulated blurring (σ, see Eq. 1) for the velocity
mapping device is depicted in figure 3 for a variety of
6Newton circle radii (V ′NO) and azimuthal angles (α) with
respect to a fixed COM-velocity vector. Considering the
forward scattering direction of the reference NO-Ne colli-
sion system, the simulated blurring for the 3x3x3 mm de-
tection volume amounts to around only 3.14 µm in both
directions on the detector plane (Dy, Dz), which is just
below the 6 µm center-to-center pore distance of the typ-
ically employed MCP-detector. Combined with an image
radius of 3.806 mm this results in σ = 0.117% according
to the definition of Eq. 1. Furthermore, the induced
blurring is rather constant for all scattering angles, and
remains very low even for the smallest investigated New-
ton sphere diameters. Thus, the new design was found
to provide a significant improvement with respect to sim-
ulated benchmark designs with a more traditional lens
arrangement.
 0  1  2  3  4
| V’NO |  ( x 363.3 m/s )
−180
−90
 0
 90
 180
α 
 ( 
de
g.
 )
 0
 0.25
 0.5
 0.75
Ve
lo
ci
ty
 b
lu
rri
ng
 ( 
%
 )
FIG. 3: Simulated velocity blurring (σ, see Eq. 1) of the
optimized VMI-apparatus when using a 3x3x3 mm ioniza-
tion volume, for varying Newton circle radius (|V ′NO|), and
azimuthal angle (α) with respect to a fixed COM-velocity
(|VCOM | = 411.1 m/s). The voltage settings were opti-
mized on the forward scattering direction of the elastic NO-
Ne reference collision system, indicated by the black circle
(|V ′NO| = 363.3 m/s, α = 67.1°, see Fig. 1).
It should be noted that the image radius (R) can be
easily increased, with but a marginal increase in veloc-
ity blurring, by increasing the total flight length (L) or
scaling down the applied voltages (E) as they are roughly
related as R ∝ L√mE ·|V ′|, where m indicates the particle
mass and |V ′| the velocity radius of the Newton sphere.
Furthermore, the blurring is reduced for smaller ioniza-
tion volumes. It was found to change similarly with an
adjustment of the volume dimension along the axis of
the VMI-apparatus, as with an equal adjustment in both
the perpendicular dimensions. E.g. for a 1x1x1 mm vol-
ume the total blurring is reduced to σ = 0.017% for the
forward scattering direction of the reference collision sys-
tem. The mapping was furthermore found to be linear
within 0.24% with respect to the NO-Ne reference image
radius, for all investigated Newton sphere diameters and
scattering angles. This again provides a significant im-
provement with respect to simulated designs with a more
traditional lens arrangement.
The electric field strength in the ionization region was
found to be 35.10 V/cm for optimized voltage settings,
and a voltage drop of 2000 V over all 16 cylinders. The
obtained field strength should for example result in only
very minor mixing of the NO (X 2Π1/2) Lambda-doublet
states, that is negligible in a typical experiment. The
corresponding total Newton sphere elongation (τ) for
the reference scattering system is 64.4 ns, which is in-
dependent of the size of the ionization volume, and in
principle allows for direct image slicing. As mentioned,
however, the arrival-time focussing was not optimized for
large ionization volumes, resulting in a fairly large time-
blurring (maximum arrival-time spread Dt) of 47.3 ns
for the 3x3x3 mm volume. Again, this blurring is heavily
suppressed for smaller detection volumes, as it roughly
scales with the dimension of the ionization volume along
the axis of the VMI-apparatus. If the NO+ ions originate
e.g. from a 0.5x3x3 mm volume it amounts to around
Dt = 7.9 ns. Scaling down of the applied voltages (E) can
be used to increase total Newton sphere elongation (τ),
as they are approximately related as τ ∝ m|V ′|E , where m
indicates the particle mass and |V ′| the velocity radius
of the Newton sphere. The time-blurring for a given size
ionization volume is almost independent of the velocity
radius, and is loosely related to Dt ∝∼
√
m
E . Lastly, the
so called center slice distortion, given by the difference in
mean arrival time for the centre slices of Newton spheres
with different radii, was found to be negligible. Thus,
direct image slicing can still be in reach under certain
experimental conditions.
The stability of the optimized design was investigated
regarding deviations in both the geometry and applied
voltages. These deviations are only expected to signifi-
cantly affect the induced velocity blurring. Thus, to in-
vestigate the voltage stability the velocity blurring was
mapped out for a range of voltages in the vicinity of the
optimized settings. As the lens properties only depend
on the ratio of the electric field strengths of succeeding
field regions, only the potentials applied to the second
and eight cylinder have to be investigated. The results
are depicted in figure 4.
It can be seen that a narrow voltage band exists where
perfect mapping conditions are ensured. The accuracy of
commercially available high voltage power supplies is suf-
ficient to ensure proper settings for the potential on cylin-
der 8. For the potential on cylinder 2, however, the range
of good voltage settings is even narrower. This could be
expected as the first field region consists of only a sin-
gle cylinder while it has the lowest electric field strength.
This narrow voltage acceptance is especially challenging
as most commercial power supplies have voltage output
ripples and drifts of similar magnitude. For the power
supplies employed here (SRS P350) these amount to max-
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FIG. 4: Simulated velocity blurring (σ, see Eq. 1) of the op-
timized VMI-apparatus when using a 3x3x3 mm ionization
volume, for varying voltages applied to the device. The po-
tential applied to the first and last cylinder is fixed to 2000
V and 0 V, respectively. The blurring was determined for the
forward scattering direction of the elastic NO-Ne reference
collision system (see Fig. 1), for which the optimized voltage
setting is indicated by the black circle.
imum 0.1 V and 0.6 V (over 8 hours), respectively. The
problem is easily solved, however, with the use of a po-
tentiometer to set the voltage on the first cylinder and
second cylinder with a single power supply (see Fig. 2).
In our implementation a 200 kΩ 10-turn precision poten-
tiometer was used. This firstly allows for a much more
precise setting of the voltage. Furthermore, it effectively
fixes the ratio of the electric field strengths in the first
and second region, thus conserving the focussing power
of the first lens. Any voltage shift or ripple is spread out
over the first two electric field regions, and can thus effec-
tively be considered to accumulate on the set voltage of
cylinder 8. This voltage has a much broader acceptance
range, allowing stable operation with minimal velocity
blurring.
It should be noted, that a voltage shift in principle not
only affects the intrinsic velocity blurring (σ), but can
also slightly change the center position and radius of the
image on the detector plane. This can cause additional
blurring that is not incorporated in σ. However, it was
found from the simulations that these effects are signif-
icantly smaller than the change in the intrinsic velocity
blurring (σ) for the large ionization volume and expected
voltage shifts.
Regarding the stability with respect to deviations from
the proposed geometry, two effects were investigated.
Firstly, the VMI performance was simulated for a sys-
tem where a combination of geometrical defects was de-
liberately added. It was found that, for reasonable errors
in machining and assembly, only minor changes in the
VMI performance could be expected. Errors in the in-
ner diameter of the cylinders cause the largest changes in
performance, which was accounted for during machining
of the electrodes. Secondly, the influence of the required
beam access holes in the second cylinder was investigated
in 3D-simulations that take into account the breaking
of the cylindrical symmetry. Beam access holes with a
5-mm diameter (every 45°) allow sufficient room for ac-
cess with both laser beams and molecular beams, while
showing only marginal effects on the simulated mapping
performance.
VI. EXPERIMENTAL
A VMI-apparatus following the design described above
was constructed out of aluminum, and implemented into
an existing crossed beam scattering setup. This setup has
been discussed in detail before [11], and consists of a 2.6-
m long Stark decelerator and a conventional beam at a
90° crossing angle. A molecular beam of NO molecules is
formed using a Nijmegen Pulsed Valve that expands 5%
NO seeded in Krypton into vacuum. The Stark deceler-
ator is used to produce packets of NO molecules in the
j = 1/2 rotational level of the v = 0 vibrational ground
state of the X2Π1/2 electronic ground state, with a nar-
row spread around a selected mean velocity. Only the
Λ-doublet level with f parity is selected. The NO par-
ticles are state-selectively detected after scattering using
a recoil-free (1+1’) resonance-enhanced-multiphoton ion-
ization scheme in combination with the new ion optics.
The distance from the center of the ionization region to
the MCP-detector is around 892.5 mm. The ion optics
could be replaced with a reference design for performance
comparison. Either tightly focussed lasers were used to
detect particles in a small ionization volume, or (par-
tially) unfocussed lasers were used resulting in a large
ionization volume (approximately 2.5 mm in all dimen-
sions).
Firstly, the well defined packets of NO j = 1/2, f ex-
iting the Stark decelerator at different selected veloci-
ties were imaged and used to optimize the voltage set-
tings of the VMI-apparatus experimentally in so called
“beamspot” measurements. The found optimized volt-
age settings correspond to applied potentials of around
2000, 1935, 1481 and 0 V for cylinders 1, 2, 8 and 16, re-
spectively. The experimentally obtained settings are thus
very close to the predicted settings from the simulations.
Furthermore, using a previously established calibration
procedure [10], the velocity mapping was found to be
perfectly linear, with each image pixel corresponding to
a velocity of 1.14 m/s for the camera configuration used
here. For the small and large ionization volume, identical
results were obtained. For the large ionization volume, a
few volt deviation in the applied potentials did not cause
a notable increase in blurring. For the smaller ioniza-
tion volume, even larger voltage deviations are required
to cause a notable increase in blurring. This indicates
8a stable operation of the VMI-setup at minimal velocity
blurring, for both the large and small ionization volume.
To further investigate the performance of the new
VMI-setup, the inelastic scattering of the Stark decel-
erated NO molecules (430 m/s) and a conventional beam
of pure He (around 1900 m/s) was used as a model sys-
tem for molecule-atom collisions. This collision process is
known to exhibit narrowly spaced oscillatory structures
in the angular distribution of the scattered molecules,
originating from the diffraction of matter waves during
the collisions [10]. The observation of these diffraction
oscillations provides a stringent test for the resolution of
a crossed beam scattering experiment, and thus also for
the resolution of the VMI-apparatus.
The images recorded using the new ion optics are
shown in figure 5, and compared to measurements un-
der identical conditions but using a conventional Eppink-
Parker type ion optics design [3] with optimized voltage
settings. The images are presented such that the rela-
tive velocity vector is directed horizontally, with forward
scattering angles positioned at the right side of the im-
age. At the forward scattering direction the initial beam
gives a contribution to the signal. These measurements
were performed at a collision energy of 551 cm−1, and
with either a small or large ionization volume. To ensure
equal comparison of the resolution, the laser powers were
reduced for the large ionization volume to give similar ion
yields as for the small ionization volume. The image ra-
dius for the new apparatus was found to be around 2.4
mm on the MCP-detector plane, in good agreement with
the simulated radius of 2.39 mm.
It can be seen that for the small ionization volume
sharp images that show clear oscillatory structures in
the angular scattering distribution, can be obtained us-
ing both the new and conventional ion optics design. For
large ionization volumes, however, the image is signifi-
cantly blurred when using the conventional ion optics,
while it remains perfectly sharp for the new design.
For the new ion optics no detrimental effect on the
image resolution or beamspot size could be found for the
large ionization volume as compared to the small volume.
However, the presence of a deteriorative effect is known
from both theory and simulations, and is also proven to
exist by the experimentally found increased voltage ac-
ceptance range for the smaller ionization volume. This
indicates that the intrinsic blurring induced by the VMI-
apparatus should be well below the measured image res-
olution, and amounts to at most 1 image pixel or 1.14
m/s. Together with the 228 m/s ring radius, this re-
sults in a value of σ < 0.7% for the performed collision
experiment, according to the definition of Eq. 1, or an
intrinsic velocity resolution of DV /V
′
NO . 0.5%. Thus,
the resolution of the scattering image is no longer limited
by the blurring of the VMI-apparatus, but by the veloc-
ity spreads of the molecular beams and crushing of the
Newton spheres, even for large ionization volumes.
To further investigate the mapping accuracy NO-He
collisions at a much lower energy of about 5.2 cm−1 were
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FIG. 5: Velocity distributions of scattered NO molecules as
measured with a conventional Eppink-Parker type ion optics
design [3] and with the new ion optics design, for both small
and large ionization volumes. The NO molecules that scat-
tered into the j = 3/2, e level were detected after collision with
He at an energy of 551 cm−1. The insets show an enlarged
part of the images near the forward scattering direction. The
imaged ring radii are equivalent to about 228 m/s. Each im-
age pixel corresponds to a velocity of 0.92 m/s or 1.14 m/s
for the conventional and new design, respectively.
studied, using a crossed molecular beam setup optimized
for low energy collisions that has been discussed in de-
tail before [13]. Here, a Stark decelerated beam of NO
molecules (650 m/s) was intersected at an angle of 10°
with a beam of He (490 m/s) from a cooled Even-Lavie
Valve. For this machine the new ion optics design was
uniformly scaled with a factor of approximately 1.4. Fur-
thermore, a distance from the ionization region to MCP-
detector of around 1133.5 mm was used, and the required
potentials were applied with three separate power sup-
plies (i.e. without potentiometer). To illustrate the im-
provements offered by the new ion optics design for low
collision energy experiments, we compare the new de-
sign under the least favourable conditions, i.e. using a
large ionization volume, with a reference ion optics design
adapted from that of Townsend et al.[7] under the most
favourable conditions, i.e. using a small ionization vol-
ume. Apart from the differently sized ionization volume,
a corresponding change in laser power to obtain similar
signal levels, and a slightly different distance from the
ionization region to the MCP-detector (1085 mm for the
reference design), otherwise identical experimental con-
ditions were employed. The obtained collision images are
9depicted in figure 6, again presented such that the rela-
tive velocity vector is directed horizontally with forward
scattering angles positioned at the right side of the im-
age. Small segments of the images are masked around
the forward direction since the initial beam gives a con-
tribution to the signal there. The new design gives a
much sharper image, even when a much larger ionization
volume is used, resulting in a significantly improved con-
trast between peaks and valleys in the angular scattering
distribution extracted from the measured images. For
the reference design the use of a large ionization volume
resulted in significant image blurring.
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FIG. 6: Velocity distributions of scattered NO molecules as
measured with a reference ion optics design adapted from that
of Townsend et al. [7] when using a small ionization volume
(a) and with the new ion optics design when employing a large
ionization volume (b). The NO molecules that scattered into
the j = 1/2, e level were detected after collision with He at
an energy of 5.2 cm−1. The imaged ring radii are equivalent
to about 21 m/s. Each image pixel corresponds to a velocity
of 1.08 m/s or 0.94 m/s for the reference and new design,
respectively. The angular scattering distributions extracted
from the images are depicted in (c).
The new ion optics design discussed here has recently
been employed in several state-of-the-art scattering ex-
periments in our lab, granting the possibility to observe
details in the velocity distributions of scattered molecules
that had not been resolved before. For example, it al-
lowed resolving narrowly spaced concentric rings, per-
taining to product pairs, in the scattering distribution of
NO molecules that are excited to high rotational states
during collisions with O2 molecules, thus providing ex-
perimental data in the largely unexplored field of bi-
molecular scattering [11]. More recently, the device has
also been employed to image the onset of the resonance
regime in low-energy NO-He collisions [13]. Here, it al-
lowed measuring the angular scattering distributions at
collision energies below 1 K, providing stringent tests for
state-of-the-art inelastic scattering calculations in previ-
ously unexplored energy regimes. Furthermore, the ap-
paratus has recently been used to capture the first high-
resolution images of molecular collisions employing a Zee-
man decelerator [12].
VII. CONCLUSION
We have presented an improved Velocity Map Imag-
ing ion optics layout, optimized for use in crossed beam
scattering experiments employing decelerators. It is par-
ticularly designed to provide high-resolution imaging for
large detection volumes and over a broad range of col-
lision energies, down to the sub-Kelvin regime. The
radially compact setup consists of 16 tube-shaped elec-
trodes, electrically connected via high precision resistors
that require only two external power supplies to pro-
vide the proper potentials to all electrodes. The exper-
imentally determined operating conditions are in excel-
lent agreement with the simulated ones. The apparatus
was found to provide for a negligible intrinsic velocity
blurring, even for large ionization volumes of several mil-
limetres in all dimensions. Furthermore, the low electric
field strength in the ionization region reduces unwanted
mixing of states by the Stark-effect, and provides future
prospects for employing direct image slicing techniques.
The presented VMI-apparatus design was optimized for
the conditions encountered in inelastic scattering exper-
iments employing decelerators but might also find appli-
cations in other research areas, for example in the fields
of reactive scattering or photodissociation experiments.
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